Regulation of fungal cell wall biosynthesis is critical to maintain cell wall integrity in the face 27 of dynamic fungal infection microenvironments. In this study, we observe that a yeast ssd1 28 homolog, ssdA, in the filamentous fungus Aspergillus fumigatus is involved in trehalose and 29 cell wall homeostasis. An ssdA null mutant strain exhibited an increase in trehalose levels and 30 a reduction in colony growth rate. Over-expression of ssdA in contrast perturbed trehalose 31 biosynthesis and reduced conidia germination rates. The ssdA null mutant strain was more 32 resistant to cell wall perturbing agents while over-expression of ssdA promoted increased 33 sensitivity. Over-expression of ssdA significantly increased chitin levels and both loss and 34 over-expression of ssdA altered sub-cellular localization of the class V chitin synthase CsmA. 35 Strikingly, over-expression of ssdA abolished adherence to abiotic surfaces and severely 36 attenuated the virulence of A. fumigatus in a murine model of invasive pulmonary 37 aspergillosis. In contrast, despite the severe in vitro fitness defects observed upon loss of 38 ssdA, neither surface adherence or murine survival was impacted. In conclusion, A. fumigatus 39 SsdA plays a critical role in cell wall homeostasis that alters fungal-host interactions. 40 41 42 43 44 45 46 47 48 49
Introduction
Interpro domain IPR012340 (5.0E -109 ) and the ribonuclease (RNB) PFAM domain PF00773 138 (4.4E -88 ). BLASTP analysis of the AFUB_010850 amino acid sequence against the 139 Saccharomyces cerevisiae genome database revealed strong sequence similarity to the 140 protein SSD1p. Consequently, reciprocal BLASTP analyses with SSD1p against the A. 141 fumigatus genome suggested AFUB_010850 is likely an Ssd1p ortholog and hence we named 142 AFUB_010850 ssdA. Given the previously identified roles of TslA in trehalose and cell wall 143 homeostasis in A. fumigatus, and the known roles of ssd1 homologs in fungal cell wall 144 biosynthesis, we hypothesized that SsdA is an important mediator of trehalose production and 145 cell wall homeostasis in A. fumigatus. 146 To test this hypothesis, we generated ssdA null mutant (ssdA) and over-expression 147 strains (OE:ssdA) (confirmed by PCR and Southern blot analyses). The ssdA null mutant was 148 complemented with an ssdA:GFP allele. We next measured the trehalose content of both 149 conidia and mycelia in the respective strains (53) . We observed increased trehalose content in 150 ssdA conidia and mycelia and conversely reduced trehalose levels in OE:ssdA (P=0.0004, 151 compared ssdA to the wild type; P<0.0001 compared OE:ssdA to the wild type) (Fig. 1A) . 152
Reconstitution of ssdA with ssdA:GFP restored wild-type trehalose levels. These data 153 suggest that SsdA plays a role in regulating trehalose biosynthesis and/or levels in A. 154
fumigatus. 155
To determine if ssdA plays a role in conidia germination and polarized growth, we 156 measured radial growth of the respective strains' fungal mycelium on solid medium (Fig. 1B,  157 C) and liquid planktonic culture biomass ( Fig. 1D ) in 1% glucose minimal medium (GMM) . 158
We observed that on solid GMM both the ssdA and OE:ssdA strains exhibited decreased 159 mycelial radial growth after a 72-hour incubation at 37C compared to the wild type and 160 reconstituted strains (ssdA+ssdA:GFP) (P<0.0001 ssdA to the wild type and P=0.0001 161 OE:ssdA to the wild type) ( Fig. 1B, C) . In planktonic liquid cultures, 24-hour biomass from 162 ssdA and OE:ssdA cultures grown at 37C was reduced compared to the wild-type and 163 reconstituted strains (P=0.0133 ssdA to the wild type and P=0.0023 OE:ssdA to the wild 164 type) ( Fig. 1D) . ssdA conidia germinated faster in the first 6-8 hours (P<0.01, ssdA to the 165 wild type) while OE:ssdA conidia germinated slower during the first 12 hours and then 166 caught up to the wild type at 24 hours (P<0.0001, OE:ssdA to the wild type) (Fig. 1E) (39, 40, 50, 54) . We next utilized the cell wall 180 perturbing agents congo red (1 mg/mL), calcofluor white (CFW, 50 g/mL), and the 181 echinocandin caspofungin (2 g/mL) to test the hypothesis that A. fumigatus SsdA is 182 important for cell wall integrity. ssdA exhibited increased resistance to cell wall perturbing 183 agents while OE:ssdA exhibited increased susceptibility, particularly to congo red and 184 calcofluor white (Fig. 2) . 185
We hypothesized that the altered growth and change in susceptibility to cell wall 186 perturbing agents observed in SsdA mutants comes from altered cell wall composition and/or 187 organization. To initially test this hypothesis, CFW and wheat germ agglutinin (WGA) were 188 used to interrogate total and exposed chitin respectively, while soluble human dectin-1-FC 189 was used to examine -1,3-glucan exposure. We observed a large decrease in the intensity of 190 CFW and WGA staining of ssdA germlings while in contrast germlings of OE:ssdA showed 191 increased intensity with these chitin binding molecules (P=0.0322, ssdA to the wild type, 192 P<0.0001, OE:ssdA to the wild type) ( Fig. 3A) . For -1,3-glucan, we observed a decrease in 193 soluble dectin1-FC staining on both the ssdA and the OE:ssdA germlings suggestive of a 194 decrease in -1,3-glucan exposure (P=0.0389, ssdA to the wild type, P<0.0001, OE:ssdA 195 to the wild type) ( Fig. 3) . While additional quantitative cell wall composition analyses are 196 needed, these data support the hypothesis that SsdA impacts A. fumigatus cell wall integrity.
Given the changes in the cell wall of the ssdA and the OE:ssdA strains, we next 198 tested their ability to adhere to an abiotic surface. Using the crystal violet adherence assay, 199 we observed no difference in adherence between the wild-type, ssdA, and reconstituted 200 strains. However, a striking loss of adherence was observed in the OE:ssdA strain (Fig. 4A) . 201
To investigate this adherence difference further, spinning disk confocal microscopy, in 202 combination with the galactosaminogalactan binding FITC labeled soy bean agglutinin 203 (SBA), was utilized. Given the decreased adherence of the overexpression strain, we were 204 surprised that increased expression of ssdA resulted in much greater levels of SBA staining, 205 revealing striking differences compared to the wild-type and ssdA strains (Fig. 4B ). As SBA 206 binds to oligosaccharides with alpha-or beta-linked N-acetylgalactosamine and, to a lesser 207 extent, galactose residues, we tested whether mRNA levels of the UDP-glucose 4-epimerase 208 involved in galactosaminogalactan biosynthesis were altered in the ssdA mutant strains (55). 209
No significant difference in uge3 mRNA levels were observed under the conditions 210 examined, suggesting a role for ssdA in post-transcriptional regulation of the 211 galactosaminogalactan polysaccharide ( Fig. 4C) . Taken together, these data suggest that ssdA 212 expression levels impact fungal adherence. 213
Given the responses of the ssdA mutant strains to agents and reagents that inhibit or 214 bind to chitin, a non-radioactive chitin synthase activity assay was next utilized to further 215 define the impact of SsdA levels on the A. fumigatus cell wall (56, 57) . Consistent with the 216 cell wall immunohistochemistry results, chitin synthase activity in ssdA was significantly 217 reduced while in contrast chitin synthase activity in OE:ssdA was significantly increased 218 (P=0.0029, csmA to the wild type; P=0.0208, ssdA to the wild type; P<0.0001, OE:ssdA 219 to the wild type) ( Fig. 5A) . We previously observed that activity and localization of the chitin 220 synthase CsmA was perturbed by loss of the trehalose regulatory protein TslA (41). As TslA was found to also physically interact with SsdA, we hypothesized that SsdA levels may also 222 impact CsmA sub-cellular localization. 223
To study CsmA sub-cellular localization when SsdA levels are altered, we introduced 224 a C-terminal GFP-tagged csmA allele into the respective ssdA mutant strains. Using spinning 225 disk confocal microscopy, we observed that alteration of ssdA mRNA levels (loss or 226 increase) led to an altered CsmA localization pattern compared to the wild-type and 227 reconstituted strains ( Fig. 5B) . CsmA:GFP puncta observed in ssdA are mainly focused at 228 the hyphal tip with a few puncta also localized along the lateral hyphal walls but no visible 229 localization at the conidial septum. In contrast, in OE:ssdA CsmA:GFP puncta were 230 dispersed throughout the hyphae with no visible puncta at the hyphal tip or conidial septum 231 ( Fig. 5B) . Intriguingly, this latter result is similar to the diffuse sub-cellular localization of 232
CsmA:GFP in the absence of TslA (41). Taken together, these results suggest SsdA levels 233 affect sub-cellular localization of the chitin synthase CsmA. 234 235
SsdA levels are critical for Aspergillus fumigatus virulence 236
Given the trehalose, cell wall, and biofilm phenotypes associated with alterations in SsdA 237 levels, we hypothesized that SsdA plays an important role in A. fumigatus fungal-host 238 interactions. To understand the importance of SsdA in the A. fumigatus-host interaction, we 239 first utilized the triamcinolone (steroid) murine model of IPA (58). Strikingly, we observed 240 that overexpression of SsdA significantly decreased A. fumigatus virulence compared to the 241 wild type (P= 0.0033, OE:ssdA to the wild type) ( Fig. 6A) . This reduction in virulence was 242 associated with a large reduction in immune cell infiltrate in the bronchoalveolar lavage fluid 243 (BALs) (P=0.0159, OE:ssdA to the wild type, Mann-Whitney t-test) (Fig. 6B) . Perhaps 244 correspondingly, we observed a significant reduction in fungal growth within the OE:ssdA 245 inoculated lungs compared to other strains (Fig. 6C) .
In contrast, complete loss of SsdA did not alter median murine survival time between 247 the wild type and ssdA (median survival = 3 days). However, despite the in vitro growth 248 defect of ssdA, fungal burden observed by histopathology revealed modest increases in 249
ssdA fungal burden at day three post inoculation compared to wild-type ( Fig. 6C) . 250 Surprisingly, despite equivalent or increased fungal burden compared to the wild type, a 251 significant reduction in immune cell infiltrate in the bronchoalveolar lavage fluid (BALs) is 252 apparent in animals inoculated with ssdA (P=0.0159, ssdA to the wild type, Mann-253
Whitney t-test) (Fig. 6C) . These results support the hypothesis that changes in ssdA levels 254 impact the fitness of A. fumigatus in vivo and alter host immune responses. 255
Given the striking ssdA in vitro growth defect observed but full virulence (as 256 measured by murine mortality) in the steroid IPA model, we hypothesized that SsdA would 257 be essential for virulence in a leukopenic IPA model with significant immune cell depletion 258 (41). However, surprisingly, and similar to the corticosteroid model, ssdA also had 259 persistent if not slightly increased virulence in the leukopenic model (P = 0.005) (Fig. 6D) . 260
Also similar to the steroid model, OE:ssdA had significant virulence attenuation compared to 261 the wild type (P = 0.0049) ( Fig. 6D) . Median survival of the wild type, ssdA, and OE:ssdA-262 inoculated mice was 3.5, 2, and 9.5 days, respectively. Histopathology from this leukopenic 263 model revealed less fungal growth from lungs of OE:ssdA-inoculated mice while ssdA-264 inoculated mice, in contrast to the in vitro growth phenotype, had substantial invasive hyphal 265 growth compared to the wild type ( Fig. 6F) . In contrast to the steroid model, inflammatory 266 cell infiltrations were the same between ssdA mutants and the wild type in this leukopenic 267 model possibly reflecting the significant chemical mediated immune suppression ( Fig. 6E) . trehalose (39-41). In A. fumigatus, a physical interaction between the TslA trehalose 282 biosynthesis regulatory sub-unit and CsmA, a class V chitin synthase, suggested that 283 trehalose biosynthesis proteins have direct roles in coordinating trehalose and fungal cell wall 284 biosynthesis (41). Coordination between these 2 biological processes is logical given that 285 both biosynthetic pathways utilize common carbohydrate metabolic intermediates. 286
Intriguingly in our previous study, TslA was observed to physically interact with a protein 287 (SsdA) that here we define as a homolog of the S. cerevisiae translational repressor protein 288 Ssd1p. Alterations in the levels of SsdA in A. fumigatus impact both trehalose levels and cell 289 wall integrity. Thus, these data further support the hypothesis that trehalose and cell wall 290 biosynthesis are coordinated and implicate a new potential regulatory protein SsdA in these 291 processes in A. fumigatus. 292
How physical interactions between TslA, SsdA, and CsmA in A. fumigatus mediate 293 chitin and trehalose biosynthesis remains unclear. In S. cerevisiae, Ssd1p is a unique RNA-294 binding protein associated with multiple biological processes (43, 44) including stress 295 tolerance, membrane trafficking, cell cycle, posttranslational modifications, mini-296 chromosome stability, and cell wall integrity (45) (46) (47) 61) . With regard to a regulatory role in 297 cell wall biosynthesis in yeast, Hogan, et al. (2008) Moreover, in the filamentous fungus Neurospora crassa, a gul-1 (Ssd1 homolog) mutant is 317 able to partially suppress the severe fitness defect of a cot-1 (Cbk1 homolog) temperature 318 sensitive mutant and this is associated with a reduction in transcript levels of cell wall 319 homeostasis genes including chitin synthases and the beta 1,3 glucan synthase fks1 (54, 65). 320
321
The putative A. fumigatus Cbk1 homolog (AFUB_068890) is uncharacterized, but the 322 corresponding homolog in A. nidulans, CotA, is a conditionally essential gene and it is 323 unclear if it plays a direct role in cell wall or trehalose biosynthesis (66-68). However, loss of 324 A. nidulans cotA phenotypes can be suppressed by osmotic stabilization perhaps suggesting 325 an important role for this kinase in cell wall biosynthesis in Aspergillus spp (68) have increased virulence in a DBA/2 murine infection model (50). Scssd1 null mutants 334 induced more pro-inflammatory cytokine production perhaps consistent with alterations in 335 cell wall composition in Ssd1 mutants (50). In the fungal plant pathogens Colletotrichum 336 lagenarium and Magnaporthe oryzae, SSD1 is also important for pathogenesis (52). It was 337 hypothesized that SSD1 supported plant infection by evading induction of the plant immune 338 response (52). Interestingly, in A. fumigatus the loss of SsdA resulted in virulence similar to 339 wild-type strain as measured by murine mortality in both the corticosteroid and leukopenic 340 murine IPA models despite the in vitro colony and planktonic growth defects associated with 341 ssdA loss. In fact, in both murine models loss of ssdA appeared to promote in vivo fungal 342 growth but intriguingly reduced the host immune response. In contrast, overexpression of 343 SsdA severely attenuated virulence and we observed significantly less fungal growth in the 344 OE:ssdA-inoculated lungs suggesting that loss of virulence in this strain may be due to poor 345 in vivo fitness. The extreme adherence defect of OE:ssdA may contribute to this loss of in 346 vivo fungal burden and virulence, but we cannot rule out other mechanisms impacted by 347 increased SsdA levels. For example, the significant delay in conidia in vitro germination 348 observed in the OE:ssdA strain may also manifest in vivo and give the host immune system 
Fungal strains, media, and growth conditions 368
Aspergillus fumigatus strain CEA17 strain (a uracil auxotroph strain lacking pyrG gene) was 369 used to generate the ssdA null mutant (69). A ku80 strain (a uracil auxotroph strain lacking 370 pyrG and akuB genes) was used to generate S-tagged and Flag-tagged strains for pulldown assays and co-immunoprecipitation experiments (69, 70) . Glucose minimal media (GMM) 372 containing 1% glucose were used to grow the mutants along with a wild type, CEA10 373 (CBS144.89) at 37°C with 5% CO 2 if not stated otherwise (71). The conidia from each strain 374 were collected in 0.01% Tween-80 after 72-hour incubation at 37°C with 5% CO 2 . Fresh 375 conidia were used in all experiments. 376 377
Strain construction and fungal transformation 378
Gene replacements and reconstituted strains were generated as previously described (40, 58) . 379 PCR and Southern blot were used to confirm the mutant strains (40). Real-time reverse 380 transcriptase PCR was used to confirm expression of the re-introduced gene and 381 overexpressed strain (72). To generate the single-null mutant, A. parasiticus pyrG from 382 pJW24 was used as a selectable marker (73). To generate reconstituted strains of single null 383 mutants, we utilized a ptrA marker, which is a pyrithiamine resistance gene from A. oryzae 384 (74). To generate GFP-tagged strains, we utilized a hygB marker, which is a hygromycin B 385 phosphotransferase gene as a hygromycin resistant marker (75). For S-tagged strains, an S-386 tag coding sequence along with AfpyrG was introduced to the C-terminus of proteins of 387 interest, i.e. TslA (76, 77) . For co-immunoprecipitation experiments, we introduced GFP-tag 388 with a hygB marker into C-terminus of SsdA in the background of C-terminal Flag-tagged 389
CsmA with pyrG as a marker (78). In localization experiments, we generated C-terminal 390 GFP-tagged CsmA in both the wild type (CEA17) and the ΔssdA background by using pyrG 391 and ptrA as a selectable marker, respectively. After the constructs were generated, 392 polyethylene glycol-mediated transformation of fungal protoplasts was performed as 393 previously described (79). For the ptrA-marker transformation, we added pyrithiamine 394 hydrobromide (Sigma P0256) into 1.2 M sorbitol (SMM) media at 0.1 mg/L (74). For the 395 hygB-marker transformation, we recovered the strains containing the hygB marker by adding hygromycin B (Calbichem 400052) into the 0.7% top SMM agar at 150 μg/mL the day after 397 transformation (75). 398 399 Germination assays and Biomass assays 400 10 8 conidia in 100mL LGMM of each strain were cultured at 37°C in three biological 401
replicates. 500 μL of each culture was taken to count for germling percentage at indicated 402 time points. For biomass assays, 10 8 conidia in 100mL LGMM of each strain were cultured 403 for 24 hours at 37°C in three biological replicates. The biomass was collected, lyophilized 404 and dry weight was recorded. 405 406
Cell wall perturbing agents and antifungal agents 407
Several cell-wall perturbing agents were utilized for cell wall integrity tests: Congo red (CR, 408 Sigma C6277), Calcofluor white (CFW, Fluorescent brightener 28, Sigma F3543), and 409 Caspofungin (CPG, Cancidas, MERCK&CO., INC.). CR, CFW, or CPG were added into 410 GMM plates at final concentrations of 1 mg/mL, 50 μg/mL, and 1 μg/mL, respectively. 411 Dropout assays were performed by plating serial conidial dilutions from 1x10 5 to 1x10 2 412 conidia in a 5-μL drop of each strain. The plates were cultured at 37°C with 5% CO 2 and the 413 images were taken at 48 hours. This experiment was performed in three biological replicates 414 (40) . 415 416
Cell-wall PAMP exposure 417
Calcofluor white (CFW, 25μg/mL), fluorescein-labeled wheat germ agglutinin (WGA, 5 418 μg/mL) (Vector labs: FL-1021), and soluble dectin-1 staining were performed as previously 419 described (80, 81) . Briefly, each fungal strain was cultured until it reached the germination 420 stage on liquid glucose minimal media. The hyphae were UV irradiated at 6,000 mJ/cm 2 . The Chitin synthase activity assay 455 10 8 conidia of each fungal strain were grown at 37°C for 24 hours in 10mL of liquid GMM at 456 250 rpm. The mycelia were collected to prepare of membrane fractions by a centrifugation at 457 100,000g for 40 min at 4°C as described before. After that, the nonradioactive chitin synthase 458 activity assay was performed in a 96-well plate as previously described (56, 57) . 459 460
Trehalose measurement 461
Trehalose content in conidia and mycelia was as previously described (40). Briefly, A. 462 fumigatus strains were grown on GMM plates at 37°C for 3 days. A total of 2 x 10 8 conidia 463
were used for the conidial stage of the trehalose assay, and 1 x 10 8 conidia in 10mL LGMM 464 were cultured overnight for the mycelial stage as described by d'Enfert C and Fontaine 465 (1997) (53). Cell-free extracts were then tested for trehalose levels according to the Glucose 466 Assay Kit protocols (Sigma AGO20 Three mice in each group (CEA10, ΔssdA, ΔssdA+ssdA-GFP, and OE:ssdA) were humanely 485 euthanized at day 3 post-inoculation. Lungs were harvested from each group and fixed in 486 10% formalin before embedding in paraffin. 5μm-thick sections were taken and stained with 487 either H&E (Hematoxylin and Eosin) or GMS (Gomori-Methenamine Silver stain) as 488 previously described (85). The microscopic examination was performed on a Zeiss Axioplan 489 II microscope and engaged imaging system. Images were captured at 50x magnification as 490 indicated in each image. 491 492
Collection and analysis of bronchoalveolar lavage fluid (BALF) 493
At the indicated time after A. fumigatus instillation, mice were euthanized using CO 2 . 494 Bronchoalveolar lavage fluid (BALF) was collected by washing the lungs with 2 mL of PBS 495 containing 0.05M EDTA. BALF was then centrifuged and the supernatant collected and 496 stored at -20°C until analysis. BAL cells were resuspended in 200 µl of PBS and counted on a 497 hemocytometer to determine total cell counts. Cells were then spun onto glass slides using a 498 Thermo Scientific Cytospin4 cytocentrifuge and subsequently stained with a Diff-Quik 499 staining kit (Electron Microscopy Sciences) for differential cell counting (80). 500 501
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